Congenital progressive hydronephrosis (cph) is a spontaneous recessive mutation that causes severe hydronephrosis and obstructive nephropathy in affected mice. The mutation has been mapped to the distal end of mouse chromosome 15, but the mutated gene has not been found. Here, we describe the identification of a single base pair change in aquaporin-2 (Aqp2) in cph mutants through genetic linkage mapping. The C-T change led to the substitution of a Ser (S256) by a Leu in the cytoplasmic tail of the Aqp2 protein, preventing its phosphorylation at S256 and the subsequent accumulation of Aqp2 on the apical membrane of the collecting duct principal cells. The interference with normal trafficking of Aqp2 by this mutation resulted in a severe urine concentration defect. cph homozygotes demonstrated polydipsia and produced a copious amount of hypotonic urine. The urine concentration defect could not be corrected by [deamino-Cys 1 ,D-Arg 8 ]-vasopressin (DDAVP, a vasopressin analog), characteristic of nephrogenic diabetes insipidus. The nephrogenic diabetes insipidus symptoms and the absence of developmental defects in the pyeloureteral peristaltic machinery in the mutants before the onset of hydronephrosis suggest that the congenital obstructive nephropathy is most likely a result of the polyuria. This study has revealed the genetic basis for the classical cph mutation and has provided direct genetic evidence that S256 in Aqp2 is indispensable for the apical accumulation, but not the general glycosylation or membrane association, of Aqp2.
nephrogenic diabetes insipitus ͉ obstructive nephropathy ͉ polarized trafficking C ongenital obstructive nephropathy is the most frequent cause of renal failure in infants and children (1) . Antenatal screening detects fetal hydronephrosis in 1 of 100 births, with at least 20% being clinically significant (2) . If left untreated, congenital obstructive nephropathy can cause severe renal failure and death (1) . Despite the impact of this devastating disease, the causes in most congenital obstructive cases in humans are not yet known. Besides environmental influence, there are clearly genetic determinants in congenital obstructive nephropathy (3, 4) (OMIM, Online Mendelian Inheritance in Man). Congenital obstructive nephropathy has been described in a number of animal models with spontaneous mutations or targeted genetic modifications (5) . The genetic defects in most, if not all, of the naturally occurring mutants are still undetermined, let alone the molecular and cellular mechanism by which the genetic defects cause congenital obstructive nephropathy.
Congenital progressive hydronephrosis (cph) was first discovered as a spontaneous, autosomal recessive trait in C57BL͞6J mice at The Jackson Laboratory in the 1970s (6, 7) . Because these mutants were thought to have renal cysts, they were named juvenile polycystic kidney until a later study by Horton et al. (7) found that the cystic dysplasia was caused by progressive hydronephrosis resulting from urinary tract obstruction. Horton et al. (7) also mapped cph to the distal part of the long arm of mouse chromosome 15. A rough chromosomal location of 57.8 cM was assigned to the cph locus by Mouse Genome Informatics (MGI), largely based on the genetic mapping results from Horton et al. (7) and the relative positions of the three markers used: caracul (Ca), underwhite (uw), and belted (bt).
Here, we describe the identification of the cph mutation as a single base change in codon 256 of aquaporin-2 (Aqp2). This mutation causes a Ser to Leu substitution, loss of Aqp2 phosphorylation at amino acid 256, and the absence of apical accumulation of the protein. We have demonstrated that the mutants have no response to a vasopressin analog and produce large quantities of hypotonic urine, characteristic of patients with nephrogenic diabetes insipidus (NDI) (8) . The polyuria caused by the Aqp2 mutation in cph mutants likely overwhelms the pyeloureteral peristaltic machinery, resulting in the observed hydronephrosis, obstructive nephropathy, renal failure, and death. This study provides direct genetic evidence that phosphorylation of Aqp2 at S256 is essential for its apical membrane accumulation and water reabsorption function in vivo.
Results
The cph Mutants Have Apparent Congenital Functional Obstruction of the Urinary Tract. The cph mutants appeared grossly normal at birth and made up 27.9% of the pups born in heterozygous intercrosses, very close to the 25% expected for an autosomal recessive mutation following Mendelian inheritance. However, the cph mutants grew slowly and showed a significant size and weight difference from postnatal day (P) 8 onward ( Fig. 1 A and B) . About 90% of the cph mutants died between 2 and 4 weeks of age. By 2 weeks, most mutants also had visibly enlarged abdomens and appeared lethargic. Around 10% of the cph homozygotes survived past weaning, with the oldest cph homozygote living for 10 months. The adult cph homozygotes are either infertile or have modestly reduced fertility.
Although younger mutants (ϽP14) had unilateral or bilateral hydronephrosis of various degrees, older mutants (ϾP14) almost always had severe bilateral hydronephrosis ( Fig. 1 C-E) . This observation is consistent with the findings in the Horton et al. (7) study but argues against the hypothesis that this is a model of polycystic kidney disease (6) . However, the finding of hydroureter (arrow in Fig. 1D ) and apparent obstruction at the ureterovesical junction (UVJ) in Ϸ25% of the mutants suggests that these mutants are unlikely to have complete physical blockage at the ureteropelvic junction (UPJ) level as proposed (7) . Furthermore, we have not found any correlation between the volume of the bladder and the genotypes of the mice dissected, suggesting that the defect in the mutants is likely in a location proximal to the bladder along the urinary tract. Interestingly, Ϸ66.3% of the mutants had more severe defects in the right kidney at the time of examination, whereas only 22.8% had more severe defects in the left and 10.9% had both kidneys equally affected.
Blood urea nitrogen (BUN) levels in the mutants were significantly elevated (Fig. 1F) , suggesting renal failure as a result of obstructive nephropathy. The mutant kidneys had pathological changes, characteristic of obstructive nephropathy, ranging from parenchymal atrophy, erosion of the renal pelvis, expansion of the pelvicocaliceal space, and dilatation of the collecting ducts ( Fig. 1 G and H and data not shown). Molding polymers injected into the pelvicocaliceal space were able to travel along the urinary path to the bladder in both the controls and mutants, although the mutant urinary path is distorted by the hydronephrosis, especially in the pelvicocaliceal space ( Fig. 2 A and B) . This result argues against the existence of physical blockage from the kidney to the bladder and suggests that hydronephrosis is likely caused by a functional obstruction, namely urine retention in the urinary tract as a result of a functionally, but not structurally, impaired downward urine transport. Morphological examination of newborn mutants and their control littermates did not reveal any significant changes in the smooth muscle cells that are important for contractability of the pyeloureteral complex (Fig. 2 C-F ) or in the innervating nerves ( Fig. 2 G and H) that modulate pyeloureteric peristalsis.
Genetic Linkage Mapping of the cph Locus. Because the cph mutation is in a pure C57BL͞6J background, we outcrossed cph heterozygotes to three inbred strains (DBA͞2J, AKR͞J, and MOLD͞RkJ) to bring in different genetic backgrounds for testing segregation and linkage. By backcrossing aphenotypic F 1 s to confirmed cph heterozygotes, we identified heterozygous F 1 mice based on their ability to produce mutants. Mapping was done primarily with F 2 s derived from intercrossing F 1 heterozygotes. Previous genetic mapping efforts using three classical genetic markers on chromosome 15: Ca, uw, and bt suggested that the likely arrangement of the markers is uw-bt-Ca-cph. The cph locus was tentatively assigned by MGI (Mouse Genome Informatics; www.informatics.jax.org) to mouse chromosome 15 at 57.8 cM distal to the Hoxc complex, based largely on these results (7). Due to the relatively low number of informative recombinations in the original study and the repositioning of reference markers after the sequencing of the mouse genome, we began mapping with markers covering the distal Ϸ40 Mbp of mouse chromosome 15, from marker D15Mit63 (Ϸ65.5 Mbp) to the end of the chromosome (Ϸ104 Mbp). Both known microsatellite markers found in public databases and novel ones discovered through our computational analyses were used. After screening 618 mice representing 1,050 informative meioses, we localized the mutation to a 0.7-Mbp chromosomal interval proximal (not distal) to the Hoxc complex and between the classical markers bt and Ca. This interval is defined by newly discovered microsatellite markers C15LD6 and C15LD5 at positions 99104970 and 99804700 (Ensembl build 34), respectively ( Fig. 3A and Fig. 7 , which is published as supporting information on the PNAS web site). This region is syntenic to human chromosome 12q13.12.
Identification of the cph Mutation. There are 25 known and predicted genes in the interval between C15LD6 and C15LD5 (Fig. 7 , based on NCBI Genome Mapview and Ensembl mouse genome server). At least five of these genes (Gpd1, ACCN2, Racgap1, Aqp5, and Prph1) were given low priority because their mutant alleles produce distinctively different phenotypes from those observed in cph mutants (MGI; www.informatics.jax.org). After careful review of the remaining genes, one of these genes, Aqp2, was given high priority for further analysis due to its known expression in the kidney, its physiological function, and the observations that mutations in Aqp2 or its upstream regulator, arginine vasopressin receptor 2 (AVPR2), cause NDI and kidney defects reminiscent of obstructive nephropathy (9) (10) (11) . To find a possible link between Aqp2 and the cph mutation, we investigated the expression and distribution of Aqp2 in kidney sections from control and mutant littermates. Although Aqp2 was predominantly distributed on the apical membrane in the principal cells of the collecting duct in the control samples, especially in the cortex and outer medulla, its apical accumulation was completely lost at all levels of the collecting duct in all mutants studied (Fig. 3 B and C) . There was also an apparent overall increase in Aqp2 levels in mutant collecting ducts. Furthermore, we examined the distribution of Aqp2 in the principal cells of the Pax3Cre-Cnb1 mutants we have previously studied that also have severe congenital obstructive nephropathy (12) . The distribution of Aqp2 was not changed in the Pax3Cre-Cnb1 mutants despite overt collecting duct dilatation (data not shown), suggesting that the absence of Aqp2 apical accumulation was not simply a secondary result of the congenital obstructive nephropathy.
These findings prompted us to sequence all coding sequences and exon͞intron junctions of the Aqp2 gene of the wild-type (WT), cph heterozygous, and cph homozygous mice. A mutation was found in nucleotide 767 in the fourth exon of Aqp2 in the mutants (Fig. 3D) . The C in codon 256 was changed to a T in the mutants, leading to a Ser to Leu substitution in the protein. This Ser is highly conserved in all vertebrate species analyzed (Table 1 , which is published as supporting information on the PNAS web site). This mutation correlated perfectly with cph genotype and phenotype: all homozygous mutant samples sequenced were homozygous for the mutation, all WT mice in the same colony as well as all of the WT inbred mice from C57BL͞6J, DBA͞2J, AKR͞J, and MOLD͞RkJ lacked it, and all confirmed cph heterozygotes had both C and T in this position. These findings strongly suggest that the Aqp2-S256L mutation is associated with the cph defects.
The S256L Mutation Affects the Expression of Aqp2 and Its Phosphorylation at S256. Previous studies have indicated that phosphorylation of Aqp2-S256 is a key regulatory event in Aqp2 trafficking (13, 14, (18) (19) (20) (21) . However, point mutations at S256 have not yet been reported in human patients or animal models before this study. To better understand the effects of the S256L mutation at the cellular and molecular levels in vivo, we examined the expression and phosphorylation of Aqp2 in kidney samples from control and mutant mice. RT-PCR using total RNA from whole kidneys demonstrated a clear increase in Aqp2 transcripts in the mutant kidneys (Fig. 4A) , likely as the result of a futile feed-back mechanism. Aqp2 protein levels were also increased in the mutants as shown in Western blotting assays (Fig. 4B ). This finding is consistent with the apparent increase of Aqp2 signal in mutant kidney sections immunostained with the anti-Aqp2 antibody (Fig. 3C) . This increase pertained to both the unglycosylated and glycosylated forms of Aqp2, suggesting that the S256L mutation does not affect the overall glycosylation pattern of Aqp2. As expected, Aqp2 phosphorylation at S256 was completely absent in the cph homozygotes, as shown by probing kidney extracts (Fig. 4C ) and kidney sections (Fig. 4 D-G) with an antibody that specifically recognizes the S256-phosphorylated form of Aqp2 (14) .
cph Heterozygotes Have an Intermediate Phenotype in Aqp2 Distribution and Aqp2-S256L Seems to Retain Membrane Association Without S256 Phosphorylation. The identification of Aqp2-S256L in the cph mutants opens the opportunity to study the consequence of the loss of Aqp2 phosphorylation in vivo. Aqp2-S256L seems to retain its ability to localize to the plasma membrane as revealed by confocal images of overlapping staining of Aqp2-S256L and ECadherin (expressed on the basolateral membrane in the collecting duct principal cells) in the cph mutants (Fig. 5 A-I) . These observations suggest that the phosphorylation of S256 is critical for apical accumulation but not membrane association of Aqp2. Whereas the overall pattern of Aqp2 expression in the heterozygotes is similar to that of the WT mice, the heterozygotes tend to have a higher degree of basolateral distribution of Aqp2 compared with the WTs, apparently an indication of misrouting of mutant tetramers or chimeric tetramers with both WT and mutant subunits (Fig. 5 A-I) .
Besides the vasopressin-regulated Aqp2, two other nonvasopressin-sensitive aquaporins, Aqp3 and Aqp4, are expressed in the principal cells of the collecting ducts. Although Aqp2 is predominantly expressed on the apical membrane, Aqp3 and Aqp4 are exclusively located on the basolateral membranes (15) . Confocal images of immunostained kidney sections from WT and cph mutant mice showed that the expression level and the basolateral localiza- tion of Aqp3 and Aqp4 are not changed in the mutants (Fig. 5 J-R) , suggesting that the observed loss of Aqp2 apical accumulation is not caused by general alteration of cell polarity. These results also suggest that the three aquaporins in the collecting ducts are regulated independently without any existing mechanism of compensatory coordination. The discovery of the Aqp2-S256L mutation suggests the possibility that the congenital progressive hydronephrosis in cph homozygotes could be a result of NDI symptoms, especially polyuria (16) . To study this possibility further, we first showed that the cph homozygotes failed to concentrate urine as effectively as their WT and heterozygous littermates (Fig. 6A) . The failure of urine concentration directly led to higher serum osmolality, a sign of dehydration, in the homozygotes (Fig. 6B) . We then subjected these mice to 24-h urine collections in metabolic cages. As expected, the homozygotes had a much higher urine output than their WT and heterozygous littermates (Fig. 6C) . Although the administration of [deaminoCys 1 ,D-Arg 8 ]-vasopressin (DDAVP), a synthetic agonist for arginine vasopressin receptor 2 (AVPR2), was effective in stimulating urine concentration in the WT and heterozygous mice, it had no effects on the homozygotes (Fig. 6D) . These findings are consistent with the hypothesis that the Aqp2-S256L mutation in the cph mutants interrupts the water reabsorption function of Aqp2 and leads to polyuria as well as obstructive nephropathy. Although the water reabsorption defect in the homozygotes is prominent, there were no significant differences in excretion of key electrolytes, such as Na and K, as indicated by urinary sodium͞creatinine and potassium͞creatinine ratios (data not shown).
Discussion
The nature of the cph mutation had been elusive for over three decades since its discovery in the early 1970s (6) . In this study, we used genetic linkage mapping to localize cph to a small chromosomal interval and identified an S256L mutation in Aqp2 that correlates with the genotypes and phenotypes of the cph mice. E, and H) . C, F, and I are merged images of the first two channels. E-Cadherin is expressed on the basolateral membrane whereas Aqp2 accumulates on the apical membrane of the principal cells in the WT. There is very little overlap between the Aqp2 staining and the E-Cadherin staining. In the cph homozygotes, however, Aqp2-S256L does not accumulate on the apical membrane but shows a prominent basolateral distribution as revealed by the yellow signal produced by the overlapping red Aqp2 and green E-Cadherin staining on basolateral membranes. Although the overall pattern of Aqp2 expression in the heterozygotes is similar to that of the WT mice, the heterozygotes show a higher degree of basolateral distribution of Aqp2 compared with the WT (A-I). In cph mutants, both Aqp3 and Aqp4 are expressed on the basolateral membrane and at levels similar to those seen in the WT mice (J-U).
Although some cases of congenital hydronephrosis are caused by physical obstruction of the urinary tract, others are likely due to functionally impaired transport of urine from the kidney through the lower urinary tract to the outside environment. Besides neuronal and muscular abnormalities affecting the pyeloureteral peristaltic machinery and urine transfer (5), polyuria, as a result of defective urine concentrating ability, can also overwhelm the urine transport system, causing temporary or irreversible hydronephrosis (16, 17) . The absence of physical blockage and developmental defects of the urinary tract (Fig. 2) are not surprising, considering the late onset of Aqp2 expression in embryogenesis and its principal cell-restricted distribution within the urinary system. The observed hydronephrosis in the cph mutants is apparently a result of the inability of the urine transport system to handle the dramatically increased urine production in the mutants (Fig. 6) .
Although original characterization of the cph mutants as a model for polycystic kidney disease was corrected by the study of Horton et al. (7) , our discovery of the Aqp2-S256L mutation and the finding of NDI defects in these mutants indicate that the obstructive nephropathy is accompanied by, and most likely secondary to, the defective urine concentrating ability in these mice, analogous to the observation of hydronephrosis in NDI patients with poorly controlled polyuria (16) . These studies also underscore the fact that kidney diseases in many cases have ambiguous pathological presentations and require an understanding of the primary molecular and cellular defects to uncover the true nature of the condition. Hydronephrosis is a common prenatal diagnosis (1) that frequently resolves spontaneously. Because urine output is highly variable and influenced by multiple factors, it is conceivable that temporary polyuria may contribute substantially to these spontaneously resolved hydronephrosis cases.
Although the phosphorylation of Aqp2-S256 has been shown to affect Aqp2 trafficking (14, (18) (19) (20) (21) , point mutation of S256 has not been reported in human patients or animals before this study (8) . As expected, the S256L mutation in Aqp2 disrupts phosphorylation at S256 (Fig. 4C) and prevents the apical accumulation of Aqp2 in the principal cells of the collecting duct (Fig. 3 B and C) . In contrast to the intracellular vesicle retention observed in Aqp2-S256A mutants transfected into cultured cells (19) , Aqp2-S256L seems to still be able to localize to the cell membrane, although the polarized transport to the apical surface of the cell is disturbed (Fig. 5 A-I ). These observations suggest that the phosphorylation of S256 is critical for apical accumulation but not membrane association of Aqp2 in vivo. Although the expression level of Aqp2-S256L is increased in the cph homozygotes, the glycosylation pattern of the mutant protein appeared unchanged (Fig. 4B) , suggesting that the phosphorylation of S256 may not be required for the glycosylation of Aqp2. Dileucine motifs have been indicated as a basolateral trafficking signal (22) . Recent studies have also suggested the involvement of single leucine residues in basolateral trafficking (23) , although the requirement of optimal context has not been ruled out. Nevertheless, the possibility exists that L256 in the mutant Aqp2 contributes to the shift from apical to basolateral distribution due to the loss of S256 phosphorylation.
Impaired routing of WT AQP2 after tetramerization with mutant AQP2 has been indicated as the molecular basis for the autosomal dominant form of NDI (24, 25) . In autosomal recessive NDI, the absence of symptoms in heterozygotes may be due to the lack of interaction between mutant and WT Aqp2 subunits or the ability of the apical sorting signal in the WT subunit to override the aberrant sorting signals (26) in interacting mutant subunits. Interestingly, whereas the overall pattern of Aqp2 expression in the heterozygotes is similar to that of the WT mice, the heterozygotes tend to have a higher degree of basolateral distribution of Aqp2 compared with the WTs (Fig. 5 A-I) . Although the ability of Aqp2-S256L to form tetramers with WT Aqp2 subunits has not been directly investigated, previous in vitro studies have indicated that changes in S256 did not affect tetramerization (27) . The recessive inheritance of cph suggests that there are enough functional Aqp2 tetramers on the apical membrane of the principal cells in the heterozygotes for water reabsorption. In addition to the WT homotetramers, the chimeric tetramers consisting of both WT and mutant subunits may also reach the apical membrane, guided by the WT subunits.
The cph mutants represent a special class of NDI caused by protein trafficking defects in which most of the Aqp2 proteins are misrouted to the basolateral membrane rather than being sequestered intracellularly. Investigation of factors controlling the polarized trafficking of Aqp2 may yield strategies for reversing the misrouting and restoring the apical accumulation of Aqp2. The cph mutants would be a nice model for testing such strategies that may have potential therapeutic benefits for NDI as well as implications for other trafficking related diseases. On the other hand, whereas surgical models have been instrumental in the study of pathological changes in obstructive nephropathy, the abrupt onset of the obstruction differs dramatically from those seen in most congenital obstructive nephropathy cases. The cph mutants have naturally occurring hydronephrosis that is 100% penetrant, making them an excellent model for the study of congenital obstructive nephropathy, especially those caused by functional but not physical obstruction.
Materials and Methods
Mice and Microsatellite Markers. We intercrossed cph heterozygotes, obtained from The Jackson Laboratory, to generate phenotypically normal mice that are considered controls (either heterozygotes or WT) and mice having kidney defects that are considered mutants (homozygotes). The cph heterozygotes have no detectable abnormality and, before the revelation of the mutation, can be identified only by their ability to produce cph homozygous mutants in matings with confirmed cph heterozygotes. DBA͞2J, AKR͞J, and Mold͞ RkJ inbred strains were also obtained from The Jackson Laboratory for genetic mapping. To identify polymorphic microsatellite markers for the genetic mapping of cph, we have used the following databases: MGI, the Ensembl Mouse Genome Server, and the Mouse Genetic Map Database from Massachusetts Institute of Technology. In addition, we developed a computer program to scan the mouse genome for DNA fragments consisting of at least 15 copies of repeating units of 2-5 nt. By blasting the DNA fragment containing the repeats and unique flanking sequences identified by our computational analyses against the strain-specific genomic fragments within the Celera Discovery System, we were able to identify unpublished polymorphic microsatellite markers.
Histological analyses, immunostaining, and corrosive casting were performed as described (12, 28) . Antibodies used were as follows: Aqp2 (polyclonal 1:500; BD Biosciences); neurofilament (monoclonal 1:100; Developmental Hybridoma Studies Bank, University of Iowa); ␣SMA (monoclonal 1:300; Sigma); Aqp2S256 phosphorylation specific (polyclonal 1:400; from S. Nielsen); ECadherin (monoclonal 1:200; BD Transduction Laboratories); Aqp3 (polyclonal 1:150; Chemicon); Aqp4 (polyclonal 1:400; Chemicon); Alexa Fluor 488-or Alexa Fluor 566-conjugated goat anti-mouse or goat anti-rabbit (1:1,000; Molecular Probes). FITClabeled dolichos biflorus agglutinin (Vector Laboratories) was used at 1:100. Images in Fig. 5 were taken with a Zeiss LSM510 confocal microscope.
Serological Analysis and Urinalysis. Mice were housed in metabolic cages (Nalge) and given free access to water and powdered chow (Rodent Diet 5001; LabDiet). Mice were allowed to acclimatize in the cages for 24 h before DDAVP (Sigma) injection at 0.4 g͞kg i.p. Urine samples were collected for the 24 h before injection from the metabolic cage and at 2 h after DDAVP injection by spontaneous voiding or bladder massage. A vapor pressure osmometer (Wescor, Logan, UT) was used to determine urine osmolality. Urine and serum chemistry was analyzed by the Renal Chemistry Laboratory at Washington University School of Medicine.
Western Blotting and RT-PCR. Kidney protein extracts were prepared as described (29) , separated by SDS͞PAGE, transferred to Immobilon-P membranes (Millipore), and probed by the anti-Aqp2 antibody and an anti-␤-actin antibody (JLA20; Developmental Hybridoma Studies Bank, University of Iowa). After incubation with Alexa Fluor 680-conjugated goat anti-rabbit IgG (Molecular Probes) and IRDye 800CW-conjugated goat anti-mouse IgG (Rockland, Gilbertsville, PA) secondary antibodies, the antibody complexes were visualized by the Odyssey Infrared Imaging System (LI-COR). RT-PCR primers for Aqp2 were as follows: 5Ј-CACATCAACCCTGCTGTGAC-3Ј and 5Ј-CAGCTGCATGGT-CAGGAAGAG-3Ј, 228 bp product). Cycling conditions were 45°C for 30 min, 95°C for 5 min, then 30 cycles of 95°C for 20 s, 58°C for 35 s, and 72°C for 45 s.
